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A COMPARISON OF DNA EXTRACTION METHODS FROM HAIR SHAFTS: 
ANALYSIS OF MITOCHONDRIAL DNA USING NEXT GENERATION 
SEQUENCING AND ANALYSIS OF NUCLEAR DNA USING INNOQUANT 






Forensic crime laboratories receive hair shafts as evidentiary samples and process 
them for DNA evidence as a means of identification of individuals.  The Armed Forces 
DNA Identification Laboratory (AFDIL) provides DNA analysis to aid in the medico-
legal death investigation of fallen service members and contributes to research and 
education in the field of forensic DNA analysis.  The AFDIL receives hair samples from 
family members of service individuals as a reference standard as well as remains from 
both past and present day conflicts for identification. Often times nuclear DNA is too 
highly degraded in hair shafts to be obtained successfully. There are many more copies of 
mitochondrial DNA in a cell than nuclear DNA. Therefore, it is common practice to 
target mitochondrial DNA instead of nuclear DNA when processing a hair shaft for DNA 
evidence.  Mitochondrial DNA also plays an important role at the AFDIL in familial 
identification when a self-reference standard is not available.   
The current validated protocol for extracting mitochondrial DNA (mtDNA) at the 
AFDIL is a manual digestion with a micro-tissue grinder followed by a 24-hour 
incubation step and an organic phenol-chloroform extraction. The first part of this study 
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compares the currently validated organic extraction method with the new QIAGEN 
QIAamp® Fast DNA Tissue Kit extraction method. The QIAamp® Fast DNA Tissue Kit 
extraction is a mechanical, chemical, and enzymatic protocol involving a 2 mL disruption 
tube with a stainless steel bead which aides in disruption of the hair followed by a silica-
column based purification. The QIAamp® Fast DNA Tissue Kit is a single day protocol 
which reduced lab processing time by more than half (7 hours to 3 hours). When results 
from six different hair samples extracted with the current organic method were compared 
with the same samples extracted with the QIAamp® Fast DNA Tissue Kit method, it was 
found that the two methods are comparable for mtDNA recovery, amplification, and 
sequencing.  
Recently, researchers at InnoGenomics© (New Orleans, LA) have developed 
nuclear DNA quantification and amplification kits that target small DNA fragments, 
creating the potential to obtain sufficient nuclear DNA data from samples containing 
highly degraded DNA.  Instead of targeting loci that contain short tandem repeats 
(STRs), the InnoQuant™ DNA quantification kit and InnoTyper 21™ DNA typing kit 
(InnoGenomics©, New Orleans, LA) targets retrotransposable elements (REs).   
The second part of this study compares nuclear DNA extraction methods from 
hair shafts such as the QIAamp® Fast DNA Tissue Kit, a direct lysis procedure using 
ZyGEM® prepGEM™ enzyme, and direct lysis procedures using pronase. Nuclear DNA 
extracts were quantified InnoQuant™ and InnoTyper 21™ for DNA typing.  
Full profiles were obtained using the InnoTyper 21™ amplification kit from 
samples with as low as 0.0331 ng of DNA which were extracted with 0.05 mg/mL. 
vii 
However, no single extraction method demonstrated consistently higher DNA 
concentrations or more complete DNA profiles.  
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1.  INTRODUCTION 
1.1 Biology of a Hair  
 
 A human hair is made up of two separate structures: the internal hair follicle and 
the external hair shaft (Figure 1).   The outer root sheath, inner root sheath, and hair bulb 
form the hair follicle, which is embedded in the dermis of the skin  [1].  The hair bulb 
surrounds the follicular dermal papilla, which is responsible for the instruction of hair 
growth and is located at the base of the hair follicle, or root of the hair  [1].  The hair bulb 
consists of a lower region in which the cells are undifferentiated, and an upper region in 
which the cells have become differentiated  [1].  Differentiation is the process in which 
cells become more specialized and specific [2].  The outer root sheath creates a pocket 
that contains keratinocytes and melanocytes.   The inner root sheath lines the inside of the 
outer root sheath and produces keratin and trichohyhalin which contribute strength and 




Figure 1.  Diagram of the structure of a hair.   The diagram shows the layers of a hair 
shaft and a hair follicle which contribute to the growth and architecture of a hair shaft.   
 
The external part of a hair is the hair shaft which is composed mostly of 
keratinized epithelial cells.  The centermost part of the hair shaft is known as the medulla 
and is sometimes absent in thinner hairs.  The main structure of the hair shaft is the 
cortex, which surrounds the medulla.  The cortex is primarily made up macrofibrils and 
keratinized cells  [6].  A macrofibril is a large fibrous bundle of keratin helices [1]. The 
outermost layer of the hair shaft is the cuticle, comprised of a thin layer of flattened cells 
called scales.   
 
1.1.1   Keratin Structure 
 
 Keratin describes a class of proteins produced from keratinocytes that form 
intermediate filaments proteins and intermediate filament associated proteins   [2].  
3 
Keratin is the most abundant structural protein found in hair shafts   [2].  ‘Hard’ keratins, 
found in hair and nails, are tough and highly insoluble proteins that lend reinforcement to 
the surrounding biological structures or cells, such as epithelial cells   [6].   
Keratin proteins are made up mostly of polypeptide chains of amino acids.  The 
polypeptide chains have two molecular formations: the alpha (α)-conformation and the 
beta (β)-conformation   [7].  The molecular structure of the α-conformation is a helical 
configuration of polypeptide chains wound together   [7] (Figure 2).  The molecular 
structure of the β-conformation is a pleated-sheet configuration of polypeptide chains 
held together by intermolecular hydrogen bonds   [2].  The β-conformation of keratin is 
found mostly in birds and reptiles whereas the α-conformation of keratin is found in 
humans and other mammals   [2].   
 
Figure 2.  Diagram of the structure of α-keratin.  Two α-keratin helices with N’ head 
(blue) and C’ tail (pink) join together to form a double helix dimer.  Two non-parallel 
dimers join to form a protofilament.  Four protofilaments form microfibril, or 
intermediate filament protein. Multiple microfibrils form into a macrofibril.  
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The α-helical segments, known as 1A, 1B, 2A, and 2B, are wound around a 
central polypeptide rod domain consisting of approximately 310 highly conserved amino 
acid sequences   [8].  Two α-helices are wound together to form a coiled-coil dimer. Two 
non-parallel dimers align to form a protofilment. Multiple protofilaments joined together 
form intermediate filament proteins or microfibrils which make up one large macrofibril. 
 According to Moll et al., keratin is classified into two main types, type I and type 
II   [9].  Type I keratins are acidic and type II keratins are neutral-basic   [9].  Type I hair-
specific keratins are K31, K32, K33a, K33b, K34, K35, K36, K37, K38, K39, and K40.  
Type II hair-specific keratins are K81, K82, K83, K84, K85, and K86   [10].   
 
1.1.2.  Keratinization of Epithelial Cells in Hair Shafts 
 
Keratinization, or cornification, of epithelial cells is a part of the cell 
differentiation process in hair shafts   [11].  The epithelial cells, which are produced from 
the follicular end of the hair in the root hair bulb, become filled with keratin proteins.  
The keratin breaks down the cytoplasmic content of the cells and implants the keratinous 
intermediate filament proteins   [2],   [11].  As a hair shaft grows out of the follicle, the 
epithelial cells in the hair shaft become keratinized and compounded together   [2].  The 
cells begin to flatten into compact layers of cells (Figure 3).  As the cells flatten, the 
nucleus also becomes distorted, flattened, and eventually breaks open and is lost.  The 
keratinization process keeps the epithelial cells bound together to create more structurally 
stable materials.  While cornified cells lend architectural function and cementation of hair 
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shafts, they lose their cellular function as they grow from the follicle and become 
keratinized   [2, 7, 11].   
 
 
Figure 3.  A depiction of the effects of keratinization on epithelial cells.  The 
epithelial cells begin to lose their structure which ultimately flattens out the nucleus and 
leads to loss of function. 
 
1.1.3 Degradation of Nuclear DNA 
 
The epithelial cells undergo structural changes as the keratin intermediate 
filament proteins begin to form a matrix around them    [2].  As the cells in the hair shaft 
grow outward from the hair follicle, the keratinization process causes the cell walls to 
become brittle and break down   [2, 11]. When the keratin reaches the nucleus of the cell, 
the nuclear deoxyribonucleic acids (DNA) within the cell becomes highly degraded   [2].  
As the cytoplasm of the cell is replaced with keratin, the nucleus is removed and the cells 
loses its function and dies   [2].  
 Due to this degradation, successful nuclear DNA extraction from hair shafts for 
forensic purposes is rare.  The typical nuclear DNA short tandem repeat (STR) 
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amplification typing kits used in forensic laboratories, such as AmpFLSTR® Profiler®, 
AmpFLSTR® Identifiler®, PowerPlex®, and GlobalFiler™, usually target amplicons 
from 200 to 500 base pairs in size.  The nuclear DNA in keratinized cells in hair shafts is 
often too degraded to be amplified with these kits.   
The conventional method for processing DNA evidence from a hair shaft for 
forensic purposes is to extract, amplify, and sequence mitochondrial DNA.   
 
1.2   Mitochondrial DNA 
 Mitochondrial DNA (mtDNA) is double stranded circular DNA, 16,569 base pairs 
in length, found within the mitochondria of cells (Figure 4)   [12].  Each mitochondrion 
contains approximately 2 to 10 copies of mtDNA   [13].  Sperm cells typically have 
anywhere from 5 to 100 mitochondria, resulting in, at most, only a few hundred copies of 
mtDNA per sperm cell   [14].  At the time of fertilization, the mtDNA copies within 
sperm cells become degraded and are not inherited by the next generations    [14, 15].  An 
oocyte generally contains between 50,000 to 200,000 copies of mtDNA.  The average 
number of mtDNA copies found in epithelial cells is approximately 5,000, whereas there 
are only 2 copies of nuclear DNA per cell   [15].  Mitochondrial DNA is inherited 
maternally and does not undergo recombination.  Therefore, the mtDNA sequence 
remains consistent, aside from mutation, as it is inherited with each generation   [13].  
Due to this higher copy number within cells, mtDNA is easier to obtain and analyze from 




Figure 4.  Mitochondrial DNA diagram depicting the control region.  The control 
region (CR) spans from nucleotide position 16,024 to 576 and is 1,121 basepairs total in 
length.  Hyper Variable Region 1 (HV1) (16,024-16,365 nucleotide positions) and Hyper 
Variable Region 2 (HV2) (73-340 nucleotide positions) are encompassed within the CR. 
 
 The most commonly sequenced area of the mitochondrial genome for forensic 
DNA testing and analysis due to high variation between individuals is the control region 
(CR)   [12].  The control region has two main areas of interest: Hyper Variable Region I 
(HV1) which encompasses nucleotide positions 16,024 to 16,365 and Hyper Variable 
Region 2 (HV2), which encompasses nucleotides positions 73 to 340 (Figure 4)   [12].   
 
1.3 The Armed Forces DNA Identification Laboratory  
The Armed Forces DNA Identification Laboratory (AFDIL) provides DNA 
analysis to aid in the medico-legal death investigation of fallen service members and 
contributes to research and education in the field of forensic DNA analysis.  The AFDIL 
receives hair samples from family members of service individuals as a reference standard 
as well as remains from both past and present day conflicts for identification.  Nuclear 
DNA is not always obtainable from older, degraded samples, and therefore, mtDNA must 
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be extracted and analyzed.  Mitochondrial DNA also plays an important role in familial 
identification when a self-reference standard is not available.  The current method used to 
extract mitochondrial DNA from hair shafts at the AFDIL is an organic extraction.   
Organic extraction is not only time-consuming, but also labor-intensive and 
involves hazardous chemicals.  The purpose of Part One of this study was to compare the 
validated organic extraction method with the QIAamp® Fast DNA Tissue Kit (QIAGEN, 
Hilden, Germany).  The success of the two extraction methods was assessed in order to 
determine if the methods are comparable to one another and if the QIAamp® Fast DNA 
Tissue Kit could be a plausible replacement for the organic extraction method currently 
used.   
 
1.3.1 Phenol-Chloroform Extraction 
The organic extraction method is a two-day process involving manual digestion 
with a micro-tissue grinder.  On the first day, the analyst must prepare a Terg-a-zyme 
solution, which requires at least an hour of incubation, as well as sterilize the micro-tissue 
grinders in the ultra-violet (UV) cross-linker for one hour.  Each hair must be washed 
with the Terg-a-zyme solution and placed in a sonication bath for 20 minutes.  The Terg-
a-zyme wash and sonication must be repeated at least four times.  Two more wash steps 
are performed with ethanol and water before the hair is transferred into the glass micro-
tissue grinder.  At least 20 minutes of manual grinding is required to fully disintegrate 
one hair using the micro-tissue grinder.  Once completed, the solution containing the 
disintegrated hair must be incubated overnight with proteinase K and Dithiothreitol 
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(DTT) in order to lyse open the cells, degrade the proteins, and release the DNA.  On the 
second day, phenol-chloroform is used to extract the mtDNA from the disintegrated hair 
now in solution.   
 
1.3.2 QIAamp® Fast DNA Tissue Kit  
The QIAamp® Fast DNA Tissue kit protocol utilizes a mechanical, chemical, and 
enzymatic protocol which involves a 2 mL disruption tube containing a stainless steel 
bead to aide in disintegration of the hair (Figure 5).  The reagent mix and disruption tube 
provided by QIAGEN replace the need for manual disruption with the micro-tissue 
grinder.  Each hair is placed into the disruption tube with reagent mix provided by the kit 
consisting of proteinase k, antifoaming DX reagent, 100 mg/mL RNase A, buffer VXL 
containing guanidinium chloride, and buffer AVE.  The tube is vortexed with a 2 mL 
tube adapter for 5 minutes followed by 10 minutes on a thermomixer.  These steps are 
repeated twice and on the third time, the thermomixer time is increased to one hour only 
if the hair is not yet fully disintegrated.  After the hour, the disintegrated hair solution is 
transferred to a Mini Spin column in a 2 mL collection tube.  Two wash steps are 
performed followed by an elution step in which the DNA is eluted off the column.   
1.3.3 Next-Generation Sequencing  
Sanger type sequencing using capillary electrophoresis is the traditional method 
used in forensic laboratories for mtDNA sequencing.  However, the introduction of next- 
generation sequencing (NGS) into the forensic field has the potential to overcome many 
of the limitations of Sanger type sequencing.  Next generation sequencing is massively 
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paralleled sequencing of multiple nuclear DNA or mtDNA targets simultaneously.  Next- 
generation sequencing methods utilize fragmentation of target DNA, ligation of unique 
indices onto target DNA fragments, and a library preparation process to generate large 
amounts of multiplexed data for sequencing (Figure 6)   [16].   
 Once the DNA library is prepared with appropriate indices and adapters attached 
to the target DNA fragments, the library can be amplified.  Some methods call for library 
purification or normalization post-amplification.  Purifying the NGS library removes all 
fragments that are smaller than a user-specified size.  This allows the removal of primer-
dimer, or any free adapters or indices that did not ligate to the target DNA.   
 Normalization of the NGS library allows all target fragments to enter the 
sequencing process at the same concentration.  This will eliminate bias when the 
fragments are attached to the flow cell.  The adapters on the DNA target fragments will 
bind to the stationary oligonucleotides on the flow cell.  When the normalized and 
purified DNA target fragments bind to the flow cell, the library of fragments will then 
undergo bridge amplification to create clusters of each target fragment in the library.  
When the clusters are created, sequencing begins by the addition of fluorescently labeled 
nucleotides.  The flow cell is imaged during sequencing and the wavelength and intensity 
are measured to identify the base being added.   
 
1.4 InnoGenomics© 
Mitochondrial DNA sequencing is the standard operating procedure in most 
forensic laboratories when processing a hair shaft as forensic DNA evidence.  Again, this 
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is because the nuclear DNA within a hair shaft is often so degraded that the chances of 
obtaining a sufficient amount of nuclear DNA with the traditional forensic nuclear DNA 
amplification and typing kits is very low.  The target amplicons in these traditional 
forensic nuclear DNA typing kits are too large to successfully amplify the degraded 
nuclear DNA that is present in a hair shaft.  Until recently, it was believed that attempts 
to type nuclear DNA from a single hair shaft sample would always fail.  
However, researchers at InnoGenomics© (New Orleans, LA) have developed 
nuclear DNA quantification and amplification kits that target much smaller DNA 
fragments, creating the potential to obtain sufficient nuclear DNA data from samples 
containing highly degraded DNA.    
1.4.1 Retrotransposable Elements  
Instead of targeting loci that contain STRs, the InnoQuant™ and InnoTyper 21™ 
kits target retrotransposable elements (REs).  Retrotransposable elements are DNA 
sequences that are copied and inserted to another area of the genome [18]. There are three 
main categories of REs: long interspersed nuclear elements (LINEs), which are more than 
500 base pairs in length, short interspersed nuclear elements (SINEs), which are less than 
500 base pairs in length, and SINE/VNTR/Alu (SVA), a composite retrotransposon [18, 
19].   Alu retrotransposable elements (Alu RE) are the most abundant transposable 
elements with approximately 1 million copies found exclusively in  the genome of 
primates [18, 20]. Alu REs were given this name and characterization because these 
nuclear elements include a recognition site for the AluI restriction endonuclease which is 
isolated from Arthrobacter luteus (Alu) [18, 20].   
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 InnoGenomics© researchers have produced and optimized a novel primer design. 
The primers bind to the target site duplication (TSD), a repeated DNA sequence directly 
flanking both ends of the Alu RE [18–21] (Figure 7).  By targeting these flanking 
repeated sequences with primers, the size discrepancy of approximately 300 base pairs 
between insertion and null alleles (INNULs) is minimized, reducing polymerase chain 
reaction (PCR) bias between alleles [18, 20].  By targeting either an insertion or a null 
allele, the problems with the repetitive nature of STRs is eliminated, therefore eradicating 
the issue of strand-slippage during PCR and stutter artifacts[18, 20].   
 
 
Figure 5.  Long and short DNA segments targeted by the InnoQuant™ 
quantification kit.  The short target is an 80 base pairs region of an Alu transposable 
element.  The long target is a 207 base pair SINE region of an SVA transposable element.  
Each segment is flanked by a repetitive target site duplication which acts a primer site for 
the InnoQuant™ designed primers.   
 
1.4.2 InnoQuant™ 
 The quantification kit from InnoGenomics©, called InnoQuant™, targets a long 
amplicon of 207 base pairs and a short amplicon of 80 base pairs by using primers 
specific to two high copy number REs, as well as a synthetic internal positive control 
(IPC) of 172 base pairs   [20, 21].  The long target fragment is a SINE region of an SVA 
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element labeled with the Cy5 dye, the short target fragment is a segment of a Yb8 Alu 
element labeled with the FAM dye, and the IPC is labeled with the Cy3 dye (Figure 6)   
[20, 21].  On average, more than 1,500 copies of these REs are present in the genome, 
making InnoQuant™ an extremely sensitive quantification kit.  A degradation index of 
the sample can be assessed by comparing the ratio of long amplicon concentration to 
short amplicon concentration.  Using the concentrations and the degradation index, the 
amount of target input DNA for amplification can more accurately be assessed for low-
copy, degraded DNA samples   [21].   
 A five-point standard curve containing concentration values of 20 nanograms per 
microliter (ng/µl), 2.5 ng/µl, 0.3125 ng/µl, 0.0391 ng/µl, and 0.005 ng/µl must be created 
for analysis of the results produced by the InnoQuant™ quantification kit   [22].  Slope 
values must be between   -3.6 and -3.1, efficiency values must be between 90% and 
110%, and R2 must be above 0.98.  Internal positive control CT values for all samples 
must be within two units of the mean CT for all standards on the standard curve   [21, 22].   
 
1.4.3 InnoTyper 21™  
 The amplification kit produced by InnoGenomics©, called InnoTyper 21™, 
targets 21 loci (Table 1) with alleles based upon the insertion of Alu REs   [17, 19].  The 
kit contains one forward primer and two reverse primers targeting either the insertion or 
the null allele   [19].  The use of Alu REs results in a bi-allelic system where an individual 
can either be homozygous with two insertion alleles, homozygous with two null alleles, 
or heterozygous with one of each (Figure 8).  Insertion alleles are denoted “I” and null 
alleles denoted “N” in the analysis software   [19] (Figure 8).   
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Table 1.  Loci targeted in the InnoTyper 21™ amplification kit using 
retrotransposable elements.  The dye color and allele size in base pairs (bp) of each 
locus targeted in the InnoTyper 21™ kit. 
Dye Locus Allele sizes (~bp) Dye Locus Allele sizes (~bp) 
Blue 
AC4027 66, 68 
Green 
RG148 73, 80 
MLS26 80, 82 NBC13 86, 90 
ALU79712 91, 95 AC2265 97, 101 
NBC216 100, 109 MLS09 112, 117 
NBC106 116, 120   
Yellow 
AC1141 64, 67 
Red 
ACA1766 70, 76 
TARBP 70, 74 NBC120 80, 85 
AMEL 79, 82 NBC10 88, 94 
AC2305 92, 98 NBC102 98, 102 
HS4.69 110, 115 SB19.12 110, 115 
NBC51 120, 124 NBC148 119, 121 
  
For every locus, except NBC51 and NBC102, the insertion allele is shorter in 










1.5 Pronase  
 Proteases are proteolytic enzymes that act to hydrolyze proteins at specific cut 
sites in amino acid chains   [23].  Pronase is a mixture of multiple proteases isolated from 
the extracellular fluid bacterium Streptomyces griseus   [24–26].  The ten main proteases 
which compose pronase are five serine-like proteases, two zinc-leucine aminopeptidases, 
two zinc-endopeptidases,  and one zinc–carboxypeptidase   [26, 27].  Due to this 
composition of multiple protease types, pronase has a very broad enzyme–substrate 
specificity   [26, 28].  The broad substrate specificity of pronase allows the protease to 
completely or almost completely hydrolyze proteins into single amino acids   [23, 28].   
 Aside from the degradation of nuclear DNA in a hair shaft, the biggest challenge 
of extracting DNA from hair shafts is properly hydrolyzing keratinous proteins to release 
what DNA is left in the hair shaft from the keratin matrix   [29, 30].  Pronase has been 
used as a keratinase, a protease which degrades keratin proteins, in the feather-meal 
industry to break down the keratin proteins within bird feathers   [31, 32].   
Since pronase purportedly will disrupt keratin proteins into single amino acids, is 
possibly a good candidate to use in a DNA extraction to break through the keratin matrix 
and release DNA from hair shafts   [32–34].   
 Pronase is stable between pH 4.0 and pH 10.0, is active from 40°C to 60°C, and is 
deactivated above 80°C   [26, 30].  Stabilization of the enzymes comprised within 
pronase increases with the addition of calcium   [35].  Pronase is stable in 0.1 M Tris 
buffer but excessive amounts of ethylenediaminetetraacetic acid (EDTA) will inhibit the 
activity of pronase up to 70%   [35].  When preparing a pronase stock solution, it should 
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be incubated at 56°C for 15 minutes and 37°C for an hour to ensure self-autolysis of any 





2.  MATERIALS AND METHODS 
2.1 Mitochondrial DNA Analysis - Part 1 Materials and Methods 
2.1.1 Samples 
Six hair samples were used to compare the two extraction methods.  All samples 
were collected from staff members at the AFDIL.  Individuals with a variety of ethnic 
backgrounds, hair color, and hair treatments were selected (Table 2).   
Table 2.  Sample number and donor information for part I of this study.  The table 
contains the sample number, the color of the hair, the sex and ethnic background of the 
donor, as well as whether or not the hair had exposure to dye treatments in the past six 
months. 
Sample No. Hair Color Donor Sex Ethnic Background Treatment 
01A Red Male Caucasian No 
02A Black Female Caucasian/African Yes 
03A Black Female Asian No 
04A Brown Female Caucasian No 
05A Brown Female Caucasian No 




For each extraction, three two-centimeters (cm) fragments of hair from each 
sample were used.  The hair samples were extracted in groups of three hairs at a time 
(01A-03A and 04A-06A) using both the QIAamp® Fast DNA Tissue Kit according to 
the manufacturer’s protocol and the organic extraction method according to the AFDIL 
protocol.  Two QIAamp® procedures were performed; one that followed the 
manufacturer’s recommended protocol and a second that added DTT to the reagent mix.  
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Dithiothreitol is a common reducing agent used to break disulfide bonds, which are 
plentiful in the keratinized structure of a hair shaft. 
Additionally, a large scale extraction was performed that employed a combination 
of the two extraction methods.  The combination method included the lysis and 
disintegration protocol from the QIAamp® Fast DNA Tissue Kit with the QIAGEN 
reagent mix and disruption tube, followed by a phenol-chloroform extraction.  The large 
scale extraction included approximately 25 2-cm fragments of hair from each individual. 
A reagent blank was processed with each sample extracted.  
 
2.1.3 Quantification  
2.1.3.1 Pre-amplification Quantification 
Extracts were quantified before amplification using he high sensitivity 
fluorometric quantification kits for the Qubit® (Invitrogen, Waltham, MA) or the high 
sensitivity kit for the 2100 Bioanalyzer® (Agilent Technologies, Santa Clara, CA) which 
measures relative fluorescent units through gel electrophoresis, as according to the 
manufacturer’s protocols.  Several samples were also quantified using the Qubit® single-
stranded DNA quantification kit.  Appropriate positive and negative controls were 
processed with each batch of samples. 
2.1.3.2 Post-amplification Quantification  
Mitochondrial DNA amplicons were screened post-amplification using the 7500 
broad range quantification kit for the Agilent 2100 Bioanalyzer® or the 910 kit for the 
Fragment Analyzer® (Advanced Analytical Technologies, Ankeny, IA) parallel capillary 
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electrophoresis instrument.  Appropriate positive and negative controls were processed 
with each batch of samples. 
2.1.4 Amplification 
Extracts were amplified on the GeneAmp™ PCR System 9700 with a gold-plated 
silver block (Applied Biosystems, Foster City, CA) using a variety of mitochondrial 
DNA control region primer sets ranging in size (Table 3) to assess the quantity and 
quality of mtDNA recovered.  Targets were amplified with primer set 1 (PS1), primer set 
2 (PS2), primer set 3 (PS3), primer set 4 (PS4), mini primer set 1B (MPS1B), 
multivariable region 2 (MV2), hypervariable region 1 (HV1), and the control region 
(CR). Appropriate positive and negative controls were processed with each batch of 
samples. 
 
Table 3.  Primer sets used for amplification, the amplicon size, and base pair range 
of the amplicons. 
Primer Set MPS1B MVR2 PS1 PS2 PS3 PS4 HV1 CR 
Amplicon 
Size (bp) 



















Primer set amplicons for each sample were pooled and then purified using a 1.8 
ratio of Agencourt® AMPure® XP reagent (Beckman Coulter, Indianapolis, IN).  The 
protocol uses silica-based beads to remove DNA fragments of a particular size; a ratio of 
1.8 is expected to remove DNA fragments less than 100 bp.  Libraries for sequencing 
21 
were generated with KAPABiosystems® Hyper Prep Kit (KAPABiosystems®, Inc., 
Wilmington, MA).  The manufacturer’s protocol was followed using a 15 micromolar 
(µM) adapter concentration and 8 cycles for library amplification.  Thirty-eight samples, 
including a positive and negative amplification control, were pooled for sequencing using 
a v.2 300 cycle cartridge on the Illumina® MiSeq (Illumina, San Diego, CA). 
2.1.6 Data Analysis   
 Data analysis of mtDNA sequencing data was performed on CLC Genomics 
Workbench (v7.0.3) (QIAGEN, Hilden, Germany).  Sequences were compared to the 










2.2 Nuclear DNA Analysis – Part II Materials and Methods 
2.2.1 Samples  
 Hair shaft samples of 5 to 10 hairs each were received from 17 anonymous donors 
(Table 4), along with buccal swabs for reference samples. 
 
Table 4.  Sample number and donor information.  The table contains the sample 
number, the color of the hair, the sex and ethnic background of the donor, and whether or 
not the hair had exposure to dye treatments in the past six months.   
Sample No. Hair Color Donor Sex Ethnic Background Treatment 
205 Blonde F Caucasian Yes 
208 Brown F Caucasian No 
210 Brown F Caucasian Yes 
211 Brown + Gray F Caucasian No 
212 Brown M Caucasian No 
213 Brown F Caucasian No 
214 Brown F Caucasian/Asian No 
216 Brown M Caucasian No 
219 Brown F Caucasian No 
220 Brown F Caucasian  No 
221 Black F Asian Yes 
222 Black F Asian No 
223 Brown F Caucasian No 
224 Brown F Caucasian No 
225 Brown M Caucasian No 
226 Black M Caucasian  No 




The buccal swabs were extracted using either ZyGEM® prepGEM™ Saliva 
extraction kit (ZyGEM Hamilton, New Zealand) or the QIAamp® Fast DNA Tissue kit 
(QIAGEN, Hilden, Germany) according the manufacturers’ protocols.  The hair shafts 
were extracted using ZyGEM prepGEM® enzyme, the QIAamp® Fast DNA Tissue kit, a 
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variety of direct lysis procedures using pronase with and without the addition of ZyGEM, 
and a hybrid extraction method.  Ten centimeters of hair from each sample were used in 
each extraction method. Each hair was either cut into 10 1 cm pieces, 5 2 cm pieces, or a 
10 cm pieces of hair was coiled around tweezers to compact the hair shaft. Reagent 
blanks were prepared with each extraction method. 
2.2.2.1 ZyGEM® prepGEM™ Extraction 
Seven hair shaft samples were extracted in 100 µl using ZyGEM® prepGEM™ 
(Hamilton, New Zealand) according to the manufacturer’s protocol. 
2.2.2.2 QIAamp® Fast DNA Tissue Kit 
Samples from 17 donors were extracted using the QIAamp® Fast DNA Tissue kit 
according to the QIAGEN manufacturer’s protocol with a final volume of 50 µl.  A 
VortexGenie® 2 mL tube attachment was used for disruption and a 56°C oven was used 
for incubation in replacement of a thermomixer. 
2.2.2.3 Pronase Extractions 
 Two stock solutions of pronase at 1 milligram per milliliter (mg/mL) and 5 
mg/mL were prepared by dissolving the appropriate amount of lyophilized powdered 
pronase (Roche, Indianapolis, IN) in sterile water.  Multiple extractions were performed 
using varying concentrations of pronase and method modifications.   
First, 10 cm of hair from 7 of the 17 donors were incubated in 100 µl of 0.01 
mg/mL pronase, 0.1 molar (M) Tris Buffer (pH 8.0), and sterile water at 56°C for 30 
minutes to activate the enzyme and 85°C for 20 minutes to deactivate the enzyme [28].  
Epithelial cells of known concentration isolated from saliva were extracted in duplicate 
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using the same method to assess pronase activity.  In order to assess the effects of the 
ZyGEM® prepGEM™ enzyme on pronase and vice versa, this extraction was repeated 
using ten centimeters of hair from the same 7 donors with the addition of 1 µl of 
ZyGEM® prepGEM™ enzyme, 3 µl of ZyGEM® Blue Buffer, and 6 µl of sterile water 
to the pronase extracts followed by incubation at 75°C for 15 minutes and 95°C for 5 
minutes.   
 A second extraction was performed on 10 cm of hair from 3 of the 17 donors.  
The hair shafts were incubated in 20 µl of 0.25 mg/mL of pronase, 0.1 M Tris Buffer (pH 
8.0), and sterile water for at 56°C for 30 minutes and 90°C for 20 minutes.  This 
extraction was performed in triplicate. One microliter of ZyGEM® prepGEM™ enzyme, 
3 µl of ZyGEM® Blue Buffer, and 6 µl of sterile water was added to one of the extracts 
from each of the three donors and was incubated at 75°C for 15 minutes and 95°C for 5 
minutes.   
 A third extraction was performed on ten centimeters of hair from 9 of the 17 
donors.  The hair shafts were incubated in 100 µl of a working solution of 0.05 mg/mL 
pronase and 0.1 M Tris pH 8.0 Buffer at 56°C for 30 minutes and 90°C for 20 minutes.  
This extraction was performed in duplicate, with the addition of 10 millimolar (mM) of 
Calcium Chloride (CaCl2) to the second set of samples.  Following the final incubation 
step, 1 µl of ZyGEM® prepGEM™ enzyme, 3 µl of ZyGEM® Blue Buffer, and 1 µl of 
sterile water was added to all extracts and incubated at 75°C for 15 minutes and 95°C for 
5 minutes.   
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2.2.2.4 Hybrid Extraction 
 Ten centimeters of hair from all 17 donors were submerged in 50 µl of of 0.01 
mg/mL pronase, 0.1 M Tris Buffer (pH 8.0), and sterile water in the QIAamp® Fast 
DNA Tissue Kit 2 mL disruption tube with a stainless steel bead. Using VortexGenie® 2 
mL tube attachment, samples were homogenized for 10 minutes, then incubated at 56°C 
for 10 minutes.  The vortex and incubation steps were repeated three times each, 
extending the third incubation step to 1 hour, followed by a final 10 minute incubation 
step at 90°C.  Half the volume of each extract was transferred to a new tube and 1 µl of 
ZyGEM® prepGEM™ enzyme, 3 µl of ZyGEM® Blue Buffer, and 3 µl of sterile water 
were added to each extract.  The samples now containing the ZyGEM® prepGEM™ 
enzyme were incubated at 75°C for 15 minutes followed by 95°C for 5 minutes.   
 
2.2.3 Quantification 
Applied Biosystems’ 7500 Real-Time PCR System (Applied Biosystems, Foster 
City, CA) was calibrated for the FAM, Cy3, and Cy5 dyes according to InnoGenomics 
Technologies protocol.  All hair extract samples and reference samples were quantified 
using the InnoQuant® Human DNA Quantification & Degradation Assessment Kit 
(InnoGenomics Technologies, New Orleans, LA) on the 7500 Real-Time PCR System 
(Applied Biosystems, Foster City, CA) and the data was analyzed using the HID Real-
Time PCR Software (Applied Biosystems, Fost City, CA) as according to the 
InnoQuant® Human DNA Quantification & Degradation Assessment Kit User Guide [3].  
Positive and negative controls were prepared and processed with each batch of samples.  
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Reagent blanks containing pronase were added to an additional positive control to assess 
pronase inhibition on the PCR reaction.  According to Grgicak et al., the reproducibility 
of quantification data is improved when a single standard curve is created and used across 
multiple quantification runs versus re-creating a standard curve with every run.  Based 
upon this study, one standard curve was created with a slope of -3.358 and a y-intercept 
of 16.007 for the short target and a slope of -3.282 and y-intercept of 18.192 for the long  
target (Table 5; Figure 9). 
Table 5.  The slope and y-intercept of the standard curve for the long and short 
targets of the InnoQuant™ quantification kit used to evaluate the concentrations of 
DNA for each sample.   
Slope Y-intercept 
Long -3.282 Long 18.192 
Short -3.358 Short 16.007 
27 
 
Figure 7.  Five-point standard curve produced with InnoQuant™.  One standard 
curve was created and used for all quantification runs to increase reproducibility of data.  
The standard curve includes concentration values of 20 ng/µl, 2.5 ng/µl, 0.3125 ng/µl, 
0.0391 ng/µl, and 0.005 ng/µl.  The slope and y-intercept for the short target are -3.358 
and 16.007 respectively.  The slope and y-intercept values for the long target are 3.282 
and 18.192 respectively.  The R2 values are 0.997.  The efficiency values are 98.52% and 
101.694% for the short and long targets respectively.   
Standard Curve
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Unknown (Flagged)UnknownStandard
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2.2.4 Amplification  
According to the InnoTyper 21™ protocol, 16 µl is the maximum amount of 
sample volume to be added to the amplification reaction [19, 37]. Samples that contained 
equal to or exceeded 0.01 total ng were selected for amplification using the InnoTyper® 
21 Human DNA analysis amplification kit (InnoGenomics© Technologies) on the 
GeneAmp™ PCR System 9700 with a gold-plated silver block (Applied Biosystems) as 
according to the InnoTyper® 21 Human DNA Analysis Kit User Guide v3.7   [36].  
Appropriate positive and negative controls were prepared and processed with each batch 
of samples. 
2.2.5 Capillary Electrophoresis  
 A spectral calibration for the G5 IGT 5-Dye Matrix Standard from InnoGenomics 
was performed on the Applied Biosystems 3130 Genetic Analyzer with POP-4TM 
polymer.   DNA fragments were separated and detected using the Applied Biosystems’ 
3130 Genetic Analyzer (Fost City, CA) with POP-4™ polymer and the IGT 5-Dye 
Matrix and a 36 cm capillary.   
2.2.6 Data Analysis  
 Files containing bins and panels specific for analyzing data from the InnoTyper 
21™ kit were imported into GeneMapper ID-X software v1.4.  Data analysis was 
performed using GeneMapper ID-X software v1.4 with an analytical threshold of 30 
relative fluorescent units (RFU).    
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3.  RESULTS  
3.1 Mitochondrial DNA Analysis - Part I Results 
The QIAamp® Fast DNA Tissue Kit reduced hair extraction processing time by 
more than half.  The organic extraction required approximately seven hours over the 
course of two days while the QIAGEN kit required approximately three hours and could 
be completed in a single work day.  Each additional hair sample included in the 
extraction batch did not greatly affect the QIAamp® Fast DNA Tissue Kit processing 
time.  However, additional samples included in the organic extraction prolonged the 
process by at least forty-five minutes per sample.   
Prior to amplification, none of the extracts yielded DNA concentrations 
quantifiable by the high sensitivity kits for either the Qubit® or the 2100 Bioanalyzer®.   
Extracts from the combined extraction method did not greatly increase 
amplification success or amplicon concentration (Table 6, Figure 8) and, therefore, were 










Table 6.  The success and concentration (ng/µl) of amplified fragments from each 
sample using Mini Primer Set 1B (MPS1B), Mini Variable Region 2 (MVR2), Hyper 
Variable Region 1 (HV1), and Control Region (CR) primer sets for each extraction 
type. 
 Combined Organic 
Sample MPS1B MVR2 HV1 CR MPS1B MVR2 HV1 CR 
01A 7.7 4.5 - - 14.1 10.2 2.2 1.2 
02A - - - - 7.5 - - - 
03A 4.1 0.4 - - 11.1 8.5 2.2 - 
04A 5.2 1.9 - - 11.5 3.0 - - 
05A 3.3 0.7 - - 17.6 1.5 - - 
06A 7.0 7.2 0.2 - 17.3 - 0.1 0.1 
AVG: 5.5 2.9 0.2 - 13.2 5.8 1.5 0.6 
 QIAamp® w/o DTT QIAamp® w/ DTT 
Sample MPS1B MVR2 HV1 CR MPS1B MVR2 HV1 CR 
01A 8.5 5.4 0.3 0.5 9.1 3.2 - - 
02A - - - - 3.2 - - - 
03A 7.4 3.0 - - 9.2 3.6 - - 
04A 9.3 4.2 - - 10.4 4.6 - - 
05A 7.6 0.4 - - 5.8 0.9 - - 
06A 13.5 6.0 0.3 0.5 15.6 6.0 0.4 0.2 
AVG: 9.3 3.8 0.3 0.5 8.9 3.7 0.4 0.2 
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Figure 8. Concentration of amplicons amplified with control region primers, 
hypervariable region 1 primers, multivariable region 1 primers, primer set 1B each 
extracted with the combined method (blue), the organic phenol/ chloroform method 
(red), the QIAamp® Fast DNA Tissue Kit (green), and the QIAamp® Fast DNA 
Tissue Kit with DTT (purple).  
 
 
MPS1B yielded the most consistent amplicon success and concentration.  
Regardless of extraction method, 97% of samples successfully amplified with MPS1B, 
all of which yielded relatively high concentrations (Table 6).  The samples amplified with 
MVR2, PS1, PS2, and PS3 yielded high success rates (79.2%, 83.3%, 88.9%, and 83.3% 
respectively).  The amplicon concentrations for these primer sets were variable across 
both sample type and extraction type (Table 6 and Table 7 respectively).  Few samples 










































only two samples (01A and 06A) yielded DNA fragments using the whole control region 
amplicon (Table 6).  Both samples that yielded the largest DNA fragments with the 
control region primer set were samples obtained from males.   
 
Table 7.  The success and concentration (ng/µl) of amplified fragments from each 
sample using Primer Set 1 (PS1), Primer Set 2 (PS2), Primer Set 3 (PS3), and 
Primer Set 4 (PS4) for each extraction type. 
 QIAamp w/o DTT Organic QIAamp w/ DTT 
Sample PS1 PS2 PS3 PS4 PS1 PS2 PS3 PS4 PS1 PS2 PS3 PS4 
01A 3.6 1.0 5.0 3.9 7.8 16.2 6.6 7.8 2.9 5.3 3.9 1.7 
02A - - - - 3.6 1.7 2.0 1.8 - - - - 
03A 2.2 2.6 0.2 1.1 6.7 16.0 11.7 9.2 2.2 3.8 3.5 1.6 
04A 3.8 6.1 4.8 2.3 1.3 9.6 1.4 5.1 2.3 4.7 3.7 4.2 
05A - 0.4 - - 2.7 9.8 0.9 4.6 0.2 0.6 0.1 - 
06A 4.8 7.4 6.5 5.3 3.0 10.1 4.7 5.3 4.0 7.7 1.8 5.2 
AVG: 3.6 3.5 4.1 3.2 4.2 10.6 4.6 5.6 2.3 4.4 2.6 3.2 
 
Sample 02A produced very few successful DNA amplicons regardless of 
extraction type or primer set amplification (Table 6, Table 7). 
The amplification results obtained from the QIAamp® Fast DNA Tissue Kit 
extracts, both with DTT and without DTT, were essentially equal.  There was very little 
variation of amplification success or amplicon concentration between the two batches 
extracted with the QIAamp® Fast DNA Tissue kit.   
On average, samples amplified with primer set 2 resulted in the highest amplicon 
concentration of primer sets 1-4 (Table 7). Primer set 2 is the smallest amplicon size at 
181 bps of the four primer sets.  
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The combined extraction method yielded the least successful results in terms of 
both amplification success and amplicon concentration compared to the other three 
extraction batches.   
 
Figure 9. Concentration of amplicons amplified with primer sets 1, 2, 3, and 4 each 
extracted with the organic phenol-chloroform method (red), the QIAamp® Fast 




No contamination was seen in the reagent blank extraction controls, attesting to 
the fact that both extraction methods are comparably “clean.”  
Detectable amplicon products, regardless of concentration, were successfully 
sequenced from extracts generated with both methods and were concordant with 






































3.2 Nuclear DNA Results - Part II  
3.2.1 ZyGEM® Extracts 
 The average short target concentration of quantified DNA from hair shaft samples 
extracted using ZyGEM® prepGEM™ (Hamilton, New Zealand) is 0.0004 ng/µl.  When 
multiplied by 16 µl, the maximum volume of sample to be included for amplification, the 
total DNA for most samples fell below the InnoTyper21™ recommended target amount 
(0.2 ng - 0.5 ng) and, therefore, were not amplified (Table 8). 
 
Table 8.  ZyGEM Extracts. Sample number, concentration of quantified DNA from hair 
shafts extracted with ZyGEM® prepGEM™ and total possible amount of DNA available 








DI 16X (ng) 
205* 0.0005 0.0003 1.7 0.008 
208* 0.0016 - - 0.0256 
210 0.0001 - - 0.0016 
211 0.0005 - - 0.008 
212 0.0001 - - 0.0016 
213 0.0001 - - 0.0016 
214 0.0001 - - 0.0016 
 
 Two samples were chosen for amplification (sample 205 and 208).  No loci were 
successfully amplified. 
3.2.2 QIAamp® Fast DNA Tissue Kit Extracts  
 The average concentration of short target DNA obtained from hair shafts 
extracted with the QIAGEN QIAamp® Fast DNA Tissue kit was 0.0495 ng/µl with a 
range of 0 to 0.6942 ng/µl (Table 9).  The average concentration of long target DNA was 
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0.0678 ng/µl with a range of 0 to 0.5908 ng/µl. Ten samples were selected for 
amplification based upon the total possible amount of DNA present in 16 µl.  Samples 
205, 210 and 224 resulted in full profiles, with a total peak height average of 1395.6 
RFU, 481.35 RFU, and 235.6 RFU respectively.  Samples 208 and 220 resulted in 
amplification at only two loci with low peak height values averaging 73.93 RFU and 45.3 


















Table 9.   QIAamp® Fast DNA Tissue Kit Extracts. The summary of quantification and 
amplification data from hair shaft samples extracted using QIAamp® Fast DNA Tissue kit.  
Sample number, concentration of quantified short and long target DNA from hair shafts extracted 
using QIAamp® Fast DNA Tissue kit, degradation index, total possible amount of DNA 
available for amplification when sample volume is 16 µl in the reaction, samples selected for 
amplification, number of loci successfully amplified in each sample profile, and peak height 
averages by dye (*samples chosen for amplification) 
Sample 
Concentration 




# of loci 
amplified 
Avg.  Peak 




height Short Long 
205 0.0383 0.0441 0.9 0.6128* 0.5 21 





208 0.0002 0 - 0.0032* 0.0032 2 





210 0.0191 0.0122 1.6 0.3056* 0.3056 21 





211 0 0 - 0 - - - - - 
212 0.0002 0 - 0.0032 - - - - - 
213 0.0001 0 - 0.0016 - - - - - 
214 0.0012 0.0002 6 0.0192* 0.0 0 - - - 
216 0.0002 0 - 0.0032 - - - - - 
219 0.004 0.0015 2.7 0.064* 0.064 0 - - - 
220 0.0077 0.0067 1.5 0.1232* 0.1232 2 
Blue 43 
45.5 Green - 
Yellow 48 
Red - 
221 0.0002 0.0001 2 0.0032 - - - - - 
222 0.0003 - - 0.0048 - - - - - 
223 0.6942 0.5908 1.2 11.1072* 0.5 0 - - - 






225 0.0009 0.0006 1.5 0.0144* 0.0144 0 - - - 
226 0 0 - 0 0 - - - - 




Figure 10. Electropherogram depicting the DNA profile obtained from sample 205 
extracted using the QIAamp® Fast DNA Tissue Kit. 
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3.2.3 Pronase Extracts  
 The epithelial cells isolated from saliva that were extracted with 0.01 mg/mL of 
pronase were quantified and resulted in expected concentration values. 
The average short target concentration of DNA obtained from the 7 hair shaft 
samples extracted using a direct lysis procedure with pronase concentration of 0.01 
mg/mL was 0.2618 ng/µl with a range of 0.0001 to 1.8229 ng/µl (Table 10). The average 
long target concentration of DNA was 0.2660 ng/µl with a range of 0 to 1.0593 ng/µl.   
Four of the seven samples with short target concentrations ranging from 0.0112 ng/µl to 
1.8229 ng/µl were selected for amplification.  Sample 205, with a short target 
concentration of 1.8229 ng/µl, yielded a full profile with allelic signal at all 21 loci with a 
total average peak height of 217.7 RFU.  A second sample, 208, which resulted in only 2 
loci amplified when extracted with the QIAamp® Fast DNA Tissue Kit, had a short 
target concentration of 0.0576 ng/µl when extracted with pronase and resulted in 
successful amplification of 18 out of 21 loci and yielded an 86% partial profile with a 
total average peak height of 62.6 RFU (Figure 11). Samples 211 and 214, with short 
target concentrations of 0.0704 ng/µl and 0.0112 ng/µl respectively, resulted in nearly 
complete drop-out with the exception of one X allele at the AMEL locus with an RFU of 







Table 10.  Pronase Extracts (0.01 mg/mL). Summary of quantification and amplification data 
from hair shaft samples extracted using pronase (0.01 mg/mL).  Sample number, concentration of 
quantified short and long target DNA from hair shafts extracted using pronase (0.01 mg/mL), 
degradation index, total possible amount of DNA (ng) available for amplification when sample 
volume is 16 µl in the reaction, amunt of DNA amplified (ng), samples selected for amplification, 
number of loci amplified in each sample profile, and peak height averages by dye. (*samples 
chosen for amplification) 
Sample 
Concentration 




# of loci 
amplified 
Avg.  peak 




height Short Long 
205 1.8229 1.0593 1.7 29.1664* 0.5 21 
Blue 299 
217.7 Green 205.2 Yellow 264.9 
Red 101.5 
208 0.0036 0.0017 2.1 0.0576* 0.0576 18 
Blue 60.7 
62.6 Green 72.5 Yellow 82.5 
Red 34.7 
210 0.0003 0 - 0.0048 - - - - - 
211 0.0044 0.0028 1.6 0.0704* 0.0704 1 
Blue - 
31 Green - Yellow 31 
Red - 
212 0.0004 0 - 0.0064 - - - - - 
213 0.0001 .0 - 0.0016 - - - - - 




Figure 11. Electropherogram depicting the profile obtained from sample 205 using 
the pronase (0.01 mg/mL) direct lysis procedure. 
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The average short target concentration of DNA from samples, which were 
extracted using a direct lysis procedure with a concentration of pronase at 0.01 mg/mL 
followed by the addition of ZyGEM® prepGEM™ enzyme, was 0.0195 ng/µl with a 
range of 0.0002 to 0.0751 ng/µl (Table 11).  The average long target concentration of 
DNA was 0.0095 ng/µl with a range of 0 to 0.0188 ng/µl. Two samples were selected for 
amplification, samples 205 and 208, with concentrations of 0.0751 and 0.0026 ng/µl 
respectively.  Sample 205 resulted in a full profile with amplification in all 21 loci with a 













Table 11.  Pronase Extracts (0.01 mg/mL) with addition of ZyGEM® prepGEM™. Summary 
of the quantification and amplification results of samples extracted using direct lysis procedure 
with a concentration of pronase 0.01 mg/mL followed by addition of ZyGEM® prepGEM™ 
enzyme. Sample number, concentration of quantified short and long DNA from hair shafts 
extracted using pronase (0.01 mg/mL), degradation index when applicable, total possible amount 
of DNA available for amplification when sample volume is 16 µl in the reaction, amount of DNA 
amplified, samples selected for amplification, number of loci amplified in each sample profile, 
and peak height averages by dye. (*samples chosen for amplification) 
Sample 
Concentration 




# of loci 
amplified 
Avg.  peak 




height Short Long 
205 0.0751 0.0188 4 1.2016* 0.5 21 
Blue 818.8 
617.1 Green 497.5 
Yellow 839.6 
Red 312.3 
208 0.0026 0.0002 13 0.0416* 0.0416 3 
Blue - 
37.5 Green - Yellow 37.5 
Red - 
210 - - - 0 - - - - - 
211 0.0002 - - 0.0032 - - - - - 
212 0.0002 - - 0.0032 - - - - - 
213 - - - 0 - - - - - 
214 - -  0 - - - - - 
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Figure 12. Electropherogram depicting the DNA profile obtained from sample 205 
using the pronase (0.01 mg/mL) direct lysis procedure followed by the addition of 
ZyGEM® prepGEM™. 
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All samples that were extracted using a direct lysis procedure with a pronase 
concentration of 0.25 mg/mL resulted in failed IPCs.  None of these samples were taken 
to amplification. 
Samples extracted using a direct lysis procedure with a pronase concentration of 
0.05 mg/mL resulted in short target DNA concentration values ranging from 0.0004 to 
1.15 ng/µl with an average of 0.166 ng/µl (Table 12). The average long target DNA 
concentrations of 0.0869 ng/µl with a range of 0 to 0.4310 ng/µl.  All 9 samples extracted 
with this method were amplified. Samples 208, 221, and 224 resulted in full profiles. 
Samples 216, 225, and 226 resulted in partial profiles with 3, 13 and 7 loci respectively 
successfully amplified and samples 212, 219, and 227 resulted in full drop-out.  
The samples extracted using a direct lysis procedure with a pronase concentration 
of 0.05 mg/mL and a CaCl2 concentration of 10 mM resulted in short target DNA  
quantification values ranging from 0.0 to 0.001 ng/µl with an average of 0.0007 ng/µl 
(Table 13). All samples were amplified but none resulted in successfully amplified loci 









 Table 12. Pronase Extracts (0.05 mg/mL) followed by addition of ZyGEM® prepGEM™. 
Summary of the quantification and amplification results of samples extracted using direct lysis 
procedure with a concentration of pronase 0.05 mg/mL followed by addition of ZyGEM® 
prepGEM™ enzyme. Sample number, concentration of quantified short and long target DNA 
from hair shafts extracted using pronase (0.01 mg/mL), degradation index when applicable, total 
possible amount of DNA available for amplification when sample volume is 16 µl in the reaction, 
amount of DNA amplified (ng), samples selected for amplification, number of loci amplified in 
each sample profile, and peak height averages by dye.  (*samples chosen for amplification) 
Sample 
Concentration 




# of loci 
amplified 
Avg.  peak 




height Short Long 
208 1.15 0.4310 2.7 18.3997* 0.5 21 
Blue 698.5 
579.7 Green 505.3 
Yellow 709 
Red 406 
212 - - - -* - - - - - 
216 0.0008 0.0002 4 0.0130* 0.0130 3 
Blue 30 
34 Green 42 Yellow 30 
Red - 
219 0.0004 - - 0.0065* 0.0065 0 - - - 
221 0.0043 0.0021 2 0.0691* 0.0691 21 
Blue 595.4 
328.2 Green 227.3 
Yellow 311.3 
Red 179 






344 Green 389.6 
Yellow 369 
Red 228.5 






44.9 Green 55.3 Yellow 40.8 
Red 34 
226 0.0020 0.0006 3.3 0.0314* 0.0314 7 
Blue 46.3 
42.8 Green 40 Yellow 42.3 
Red - 





Figure 13. Electropherogram depicting the DNA profile obtained from sample 224 
extracted with a direct lysis procedure using a 0.05 mg/mL concentration of pronase 
followed by addition of ZyGEM® prepGEM™. 
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Table 13. Pronase Extracts (0.05 mg/mL) with addition of CaCl2. Summary of the 
quantification results of samples extracted using a direct lysis procedure with a pronase 
concentration of 0.05 mg/mL and a CaCl2 concentration of 10 mM. Sample number, 
concentration of short target, total possible amount of DNA available for amplification 
when sample volume is 16 µl in the reaction 
Samples Concentration (ng/µl) DI 16X (ng) Short Long 
208 0.0005 - - 0.0076 
212 - - - - 
216 0.0001 - - 0.0015 
219 0.0000 - - 0.0007 
221 0.0029 - - 0.0463 
224 0.0010 - - 0.0157 
225 0.0001 - - 0.0021 
226 0.0005 - - 0.0076 
227 - - - - 
 
 
The hybrid extraction consisting of the homogenization steps from the QIAamp® 
Fast DNA Tissue kit using the 2 mL disruption tube with 0.01 mg/mL of pronase 
followed by the addition of the ZyGEM® prepGEM™ enzyme resulted in low DNA 
concentration values from the quantification.  Ten of the 17 samples failed to give values 
at all, resulting in “undetermined” values. Of the seven samples that successfully 
quantified, the average concentration of DNA was 0.0002 ng/µl with a range of 0 to 
0.0005 ng/µl (Table 14).  All of these hybrid samples were amplified but no samples 





Table 14. Hybrid Extracts with the addition of ZyGEM® prepGEM™. Summary of 
the quantification results obtained from samples using the hybrid extraction method.  This 
method included the QIAamp® Fast DNA Tissue kit homogenization step using 0.01 
mg/mL pronase concentration followed by the addition of ZyGEM® prepGEM™. 
Sample number, concentration of short target, and total possible amount of DNA 
available for amplification when sample volume is 16 µl in the reaction. 
Sample Concentration (ng/µl) DI 16X (ng) Short Long 
205 0.0003 - - 0.0048 
208 - - - 0 
210 0.0002 - - 0.0032 
211 - - - 0 
212 - - - 0 
213 - - - 0 
214 - - - 0 
216 - - - 0 
219 0.0001 - - 0.0016 
220 0.0005  - 0.008 
221 0.0001 - - 0.0016 
222 - - - 0 
223 0.0007 0.0002 3.5 0 
224 0.0001 - - 0.0016 
225 0 - - 0 
226 - - - 0 
227 - - - 0 
 
 Based upon these results, the samples extracted using the hybrid extraction 
method that were not followed by the addition of ZyGEM® prepGEM™ enzyme, were 
not quantified.  All of the hybrid extracts both with ZyGEM® prepGEM™ and without 
were amplified. Samples 210, 221, and 222 that were extracted with the hybrid method 
but were not followed by the addition of ZyGEM® prepGEM™ resulted in full profiles 
(Table 15). These samples had total peak height averages ranging from 196.1 RFU to 
2758.7 RFU.  
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Table 15. Hybrid extracts with no addition of ZyGEM® prepGEM™. Summary of 
amplification success of the samples extracted using the hybrid method that were not 
treated with ZyGEM® prepGEM™. This method included the QIAamp® Fast DNA 
Tissue kit homogenization step using 0.01 mg/mL pronase concentration. Sample 
number, number of loci successfully amplified, average peak height by due and total 
average peak height.  
Sample 
# of loci 
successfully 
amplified 
Avg. peak height by dye Total avg. peak height 
210 21 
Blue 3861.2 








196.1 Green 103.3 Yellow 207.9 
Red 172.6 
 
All samples that produced profiles were concordant with the profiles produced 
from the DNA extracted from the associated reference buccal swab.   
Figure 10 depicts the number of loci successfully amplified per sample extracted 
with the pronase direct lysis methods, the QIAamp® Fast DNA Tissue Kit method, and 






























Pronase (0.01 mg/mL + ZyGEM)
Pronase (0.05 mg/mL)
QIAamp
Hybrid (0.01 mg/mL, no ZyGEM)
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4.  DISCUSSION 
4.1 Mitochondrial DNA Analysis – Discussion Part I 
Amplification success and amplicon concentration of each sample appeared to be 
more dependent on the hair sample than on the extraction type.  Sample 02A failed to 
amplify more often than any other sample but did amplify more successfully when 
extracted organically with the phenol/chloroform method.  However, even when 
extracted with the combined extraction method, sample 02A failed to yield successful 
amplification results.  This sample was a black hair that had been dyed red.  Previous 
studies have suggested that hair dye can impact DNA amplification   [37].  Yoshii et al.  
determined that hydrogen peroxide, which is found in some hair staining products, can 
induce the conversion of insoluble melanin into water-soluble melanin   [37].  According 
to Eckhart et  al., the water-soluble melanin can form a complex with the DNA 
polymerase, preventing the polymerase from carrying out its function properly in the 
PCR, therefore acting as an inhibitor   [38].  According to Opel et  al, melanin binds 
directly to the DNA, therefore reducing the amount of DNA template available for 
amplification   [39].  It is unclear which of these mechanisms is more common, but both 
may contribute to inhibition.   
 Though all of the extraction methods should purify and separate the DNA from 
any PCR inhibitors, it is possible that the four-time Terg-a-zyme wash and sonication 
process performed in the organic extraction method eliminated the amplification-
inhibiting element of sample 02A.  It is interesting to note, however, that sample 04A was 
a brown hair that had been dyed green and yielded comparable amplification success 
52 
rates and amplicon concentrations to those of other undyed samples.  If the red hair dye 
on sample 02A is creating a PCR inhibitor, the same cannot be said for the green hair dye 
on sample 04A.  Specific information regarding the composition of hair dyes used by the 
subjects of the study is unavailable.   
The two hair samples that successfully amplified using the two largest primer sets 
(HV1 and CR) were both obtained from male individuals.  As a hair grows and extends 
away from the root, the older cells are pushed down the hair shaft as newer cells replace 
them at the root end.  The older cells become more keratinized as they age and shift away 
from the root.  As the cells become more keratinized, cell function is reduced and DNA 
degradation increases   [6, 40, 41].  Due to this process, it is likely that location on the 
hair shaft affects the recovery success of DNA fragments   [33].  Sections of the hair shaft 
closer to the root are more likely to contain active, younger cells and, therefore, DNA that 
is less degraded.   
Both hair samples obtained from males in this study were shorter hairs than those 
from the female individuals.  The sections of hair taken from the males’ hairs were closer 
to the root of the hair because the hairs were shorter and therefore likely contained less 







4.2 Nuclear DNA Analysis - Discussion Part II  
 It became clear from the concentration values from the quantification of DNA 
from hair shaft samples extracted using the ZyGEM® prepGEM™ protocol, that the 
prepGEM™ enzyme did not successfully break through the keratin filaments and release 
a sufficient amount of DNA for amplification and analysis.  The two samples chosen for 
amplification with concentrations of 0.0005 and 0.0016 ng/µl, did not result in profiles 
with any signal.   
 While there are many studies reporting the effects of melanin as a PCR inhibitor, 
according to the InnoTyper 21™ validation by Brown et al., samples containing up to 10 
ng/µl of melanin did not result in any allelic dropout in their profiles, but simply 
experienced slightly reduced peak heights.  Both extraction methods used in Part I 
involved a purification column that would ideally remove any inhibitors, such a melanin, 
from the extract.  The QIAamp® Fast DNA Tissue kit was used again in part II of this 
study and would remove any inhibitors in the samples extracted from the hair shafts.  
With the exception of the IPCs in the second batch of direct lysis pronase extractions, all 
other IPCs amplified as expected during real-time PCR and therefore indicate a lack of 
negative effects of inhibitors such as melanin.  
 Multiple concentrations of pronase were used in the direct lysis extraction 
procedures to evaluate the ideal concentration needed for the pronase to act on the keratin 
within the hair shaft and release the maximum amount of DNA.  However, the main 
concern with using pronase as part of an extraction technique was its downstream effects 
on PCR.  Pronase is made up of many proteases and will degrade proteins at every 
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peptide bond between amino acids and reduce them into single amino acids   [23, 26, 30].  
This mechanism is ideal for breaking down keratin but also risks damage to the Taq 
polymerase used in the PCR process.  The polymerase is responsible for synthesizing 
new DNA strands from the target DNA.  If the pronase had even a slight interaction with 
the polymerase, it is likely that the PCR reaction would be inhibited to some extent.   
 Pronase is active between 40°C and 60°C and should be fully inactivated at 80°C 
or higher.  Each extraction method involving pronase incorporated an incubation step of 
10 minutes at 90°C to deactivate the pronase.  Additionally, many of the samples were 
extracted in duplicate and included a final step involving the ZyGEM® prepGEM™ 
enzyme in an effort to digest any residual pronase activity before taking the samples to 
quantification and amplification.   
 Based upon the IPC values in the quantification step used to assess inhibition, it 
appears that at a concentration of 0.01 ng/µl and a concentration of 0.1 ng/µl, the pronase 
did not inhibit the PCR process.   
At a pronase concentration of 0.25 ng/µl, the PCR process was inhibited and all 
IPC values were “undetermined,” which was interpreted as a failure of the amplification 
process and indicated inhibition possibly due to the higher concentration of pronase 
present in the samples.  Though some of the hair shaft samples extracted using pronase 
resulted in full or partial profiles, the amount of DNA obtained from most of the samples 
extracted with pronase was not sufficient to produce profiles. The ideal target amount of 
DNA suggested for the InnoTyper 21™ kit is between 0.2 and 0.5 ng of DNA. Most of 
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the samples extracted using pronase had concentrations which were not sufficient to 
reach 0.2 ng total of DNA in the amplification reaction. 
 On average, the hair shaft samples extracted using the QIAamp® Fast DNA 
Tissue kit resulted in the greatest amount of DNA than the other extraction techniques 
used.  When the mechanical homogenization process, involving the 2 mL disruption tube, 
of the QIAamp® Fast DNA Tissue kit was combined with 0.01 ng/µl pronase solution to 
create a “hybrid” extraction technique, the average amount of DNA obtained was less 
than that obtained from performing the QIAamp® Fast DNA Tissue kit used according to 
the manufacturer’s protocol.  Based upon this information, it appears that the QIAGEN 
reagents included with the QIAamp® Fast DNA Tissue kit release the DNA more readily 
than the procedure using pronase at 0.01 ng/µl and the 2 mL disruption tube. 
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5.  CONCLUSIONS 
5.1 Mitochondrial DNA Analysis – Conclusions Part I 
Results suggest that the location of the sample on the hair shaft will most likely 
affect the recovery of DNA.  When sampling hair evidence, it would benefit the analyst 
to choose the segment located closest to the root of the hair, if possible.  The cells in this 
region of the hair shaft will be less keratinized and, therefore, less degraded   [2, 7].   
Keratin, the key structural protein of hair, is made up primarily of disulfide bonds 
that link together the high sulfur content of the amino acids within the protein [43].  
Dithiotreitol is a common reducing agent used to break down disulfide bonds in proteins   
[45].  However, the addition of DTT to the QIAamp® Fast DNA Tissue Kit extraction 
protocol did not increase the recovery of DNA recovered from the hair samples.  The 
QIAamp® Fast DNA Tissue kit yielded similar results with and without DTT.   
The average concentrations of amplicons produced with each primer set were 
consistently greater when the sample was extracted organically than with the QIAamp® 
Fast DNA Tissue kit.  However, the amplification success rate was comparable for the 
two extraction methods.  Despite differences in amplicon concentration, detectable 
amplicon products from extracts generated with both methods were successfully 
sequenced and utilized to demonstrate concordance with previously obtained Sanger 
sequencing data.   
The two DNA extraction methods proved comparable for mtDNA analysis from 
hair shafts.  The ease of laboratory processing for the QIAamp® Fast DNA Tissue Kit 
may outweigh the lower amplicon concentrations obtained, given that the amplification 
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success rate was equal between the two methods.  As a result, the ease of use for the 
QIAamp® Fast DNA Tissue kit procedure makes it an appealing alternative to the current 
organic extraction method for extracting amplifiable mtDNA from hairs.   
 
5.2 Nuclear DNA Analysis - Conclusion Part II  
ZyGEM® prepGEM™ enzyme extraction method, performed as according to the 
manufacturer’s protocol, was not a successful alternative method for extracting nuclear 
DNA from hair shafts.   
At concentrations of 0.05 ng/µl and 0.01 ng/µl, pronase does not inhibit the PCR 
reaction but at 0.25 ng/µl of pronase, inhibition of PCR does occur.  When samples were 
extracted using concentrations of 0.05 ng/µl and 0.01 ng/µl of pronase, some full profiles 
were successfully obtained, some partial profiles were produced, and some samples 
resulted in full drop-out when amplified.  
 The homogenization process using the 2 mL disruption tube in the QIAamp® Fast 
DNA Tissue kit does not release as much DNA from hair shafts when using a 0.01 
mg/mL concentration of pronase solution as it does when using the QIAGEN reagents 
and the manufacturer’s protocol.  The QIAamp® Fast DNA Tissue kit extraction method 
resulted in the highest average concentration of DNA extracted from hair shaft samples 
and the most complete profiles using the InnoTyper 21™ amplification kit.   
 Full profiles of nuclear DNA from hair shafts were obtained using the InnoTyper 
21™ amplification kit from samples with as low as 0.0331 ng of DNA.  However, not all 
samples at this concentration resulted in successful amplification of a full profile.  There 
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was a large discrepancy between partial profiles.  Partial profiles ranged from 2 loci to 18 
loci.   
 It appears that the success of DNA extraction, quantification, and amplification 
was dependent on the donor source as well as on the extraction method.  While some 
extraction methods resulted in lower concentrations of DNA from the hair shafts than 
other extraction methods, certain donors’ hair shafts consistently resulted in higher 
concentrations of DNA and successful amplification. No single extraction method 
consistently resulted in higher DNA concentrations or more complete DNA profiles.  
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